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Abstract
The behavior of 35 different Salmonella enterica serovars was investigated in an in vitro gastro-intestinal tract (GIT) system. 
Virulence was expressed as the probability of infection, P(inf), i.e. fraction of the ON-culture invading into Caco-2 cells after 
GIT passage. Results show that the (average) P(inf) of Salmonella serovars ranges from 1.7 10-8 (S.Kedougou) to 5.3 10-5
(S.Typhimurium). In general, the P(inf) corresponds to available epidemiological and virulotypic data from literature. Still,
individual exceptions exist and it is hypothesized that the public health risk from Salmonella is associated with exposure 
(prevalence, dose and/or acquired immunity) rather than difference in virulence.
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1. Introduction
Despite a declining trend, Salmonella is with 82,694 confirmed human cases in 2013 still the second most 
important zoonosis in the EU. Moreover, Salmonella caused the largest number, 1170 (which is 22.5%), of reported 
food-borne outbreaks. The top three most frequent serovars in 2013 were Enteritidis, Typhimurium and monophasic 
Typhimurium, EFSA [3]. The Netherlands reported 992 laboratory confirmed cases of salmonellosis corresponding 
to an estimated number of 28,000 cases in the general population of 16.8 million people, Zomer et al. [17].
The Dutch food and consumer product safety authority (NVWA) monitors the presence of Salmonella according 
to EU-regulation 2073, 2005: Absence of S. Enteritidis and S. Typhimurium in 25g fresh chicken meat and absence
of S. spp. in meat preparations (25g, or 10g in some cases). The NVWA investigates food products in their 
monitoring program, which on several occasions reveal serovars that differ from those most frequently found in 
human reported cases. For example, S.Heidelberg in broilers and chicken products, S. Derby in pork, S. Mbandaka 
in tahin, Zomer et al. [17], and S. Montevideo in Oaktree lettuce, Wijnands et al. [16]. In addition, infrequently 
found serovars have recently occurred in outbreaks, e.g. S. Thompson in salmon, Friesema et al. [4], and S. 
Heidelberg in a spaghetti meal, Rijckevorsel et al. [13]. The occurrence of Salmonella serovars in food products and 
outbreaks that differ from those regularly found in laboratory confirmed human cases raises questions about the 
current Salmonella regulation in relation to the potential hazard of these infrequently found serovars.
In this study we investigate the phenotypic behavior of 35 different Salmonella serovars in an in vitro gastro-
intestinal tract (GIT) system as proxy for virulence. The results give insight in the virulence of infrequently found 
serovars relative to the more frequently found laboratory confirmed serovars from human cases in The Netherlands.
In addition, the phenotypic in vitro GIT results are put into perspective of molecular virulence properties of these 
serovars previously described in literature. Knowledge about the relative phenotypic virulence of different 
Salmonella serovars in relation to epidemiological and genomic data may provide guidance to policy makers for 
future regulation strategies.
2. Materials and methods
Table 1 shows the 35 different Salmonella serovars and their source selected for the in vitro gastrointestinal 
passage experiments. All strains were obtained from the National Institute for Public Health and the Environment 
(RIVM) in The Netherlands. The RIVM obtains these strains from different institutes, companies and laboratories 
within The Netherlands for (sero)typing. 
2.1. Gastro-intestinal passage
The gastro-intestinal passage system was prepared following Oliveira et al. [10]. In short, 1 ml overnight (ON)
culture of Salmonella was mixed with 9 ml simulated gastric fluid (SGF). Samples were incubated during 30 min at 
37 °C, after which 1ml SGF-mixture was taken for microbiological analysis. From the remaining SGF-sample, 4 ml 
was mixed with 40 ml simulated intestinal fluid (SIF) and incubated during 2 hours at 37 °C under microaerophilic 
conditions and shaking at 100 rpm. After incubation, the samples were used for attachment and invasion assays with 
fully differentiated Caco-2 cells. These mimic the small intestinal epithelium, Pinto et al. [12]. The plates were 
inoculated with 40 µl SIF-mixture per well, and incubated at 37 °C in a humidified atmosphere of 96% air and 5% 
CO2 during 1 hour for the attachment assay. After aspiration of the medium, the cells were washed three times with 
sterile PBS and either lysed with 1% Triton in PBS, or treated with ECM supplemented with 0.3% gentamycin (50 
mg/mL) for the invasion assay. The Triton-lysate was used for determining the number of attached Salmonella. For 
the invasion assay, the plates were incubated during 3 hours at 37 °C in the humidified atmosphere as mentioned 
before. After incubation, the cells were treated with PBS and 1% Triton in PBS as described before. The lysate was
used for enumeration of the invaded Salmonella.
The point estimate for the fraction of invaded Salmonella was calculated by dividing the expected number of 
Salmonella (ml-1) after the invasion assay by the expected number of cells in the ON-culture (ml-1) following Pielaat 
et al. [11]. The resulting fraction was used as proxy for the virulence and expressed as the probability of infection,
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P(inf). An average P(inf), including a standard deviation (Stdev), was calculated for the control strain (S. 
Typhimurium), which was tested on each day with a new series of serovars (6 serovars per day) and for those 
serovars where more than one strain was tested (Tables 1 and 2).
Table 1. Selected Salmonella serovars for investigation in this study (n=35+1 control strain) and source
a 
Number of strains per source.
Table 2. Average probability of infection (P(inf)), standard deviation (Stdev) where applicable and number of laboratory confirmed human 
cases in The Netherlands in 2013 from Zomer et al. [17] for the Salmonella serovars in this study (ID in Table 1)
   a Not listed as separate serovar in Zomer et al. [17].
b Relatively high number of human cases, probably due to the outbreak August – December 2012, Friesema et al. [4].
ID Serovar Source ID Serovar Source
1 Typhimurium 1 control strain, tested 6 times 19 Kottbus 1 broiler, 1 human
2 Agona Chicken product 20 Livingstone Chicken product
3 Anatum Chicken product 21 Mbandaka Chicken product
4 Banana Broiler 22 Minnesota Chicken product
5 Braenderup Chicken product 23 Montevideo 1 broiler, 1 chicken product
6 Brandenburg 1a human, 1 chicken product 24 Paratyphi B v Java 1 chicken product, 1 human
7 Bredeney Chicken product 25 Rissen 2 pork
8 Cerro Broiler 26 Saintpaul Broiler
9 Corvallis Chicken product 27 Schwarzengrund Chicken product
10 Derby 2 pork 28 Senftenberg Broiler
11 Enteritidis 1 broiler, 2 chicken product, 1 human 29 Typhimurium 3 pork, 3 human
12 Goldcoast Chicken product 30 S1 1,4,[5],12:i:- 4 pork, 7 human
13 Hadar Chicken product 31 Tennessee Chicken product
14 Heidelberg 1 food, 1 chicken product, 1 human 32 Thompson 1 food, 1 chicken product, 1 human
15 Indiana Broiler 33 Virchow 1 broiler, 1 human
16 Infantis Broiler 34 Weltevreden Broiler
17 Jerusalem Broiler 35 Worthington Broiler
18 Kedougou Chicken product 36 Yoruba Broiler 
ID Average P (inf) Stdev Human Cases ID Average P (inf) Stdev Human Cases
1 2.52E-06 3.01E-06 184 19 5.4E-06 7.04E-06 2
2 2.86E-07 5 20 3.69E-07 1
3 4.18E-06 6 21 3,47E-07 3
4 1.64E-07 NAa 22 1.38E-07 NA
5 7.19E-06 7 23 1.79E-07 2.24E-07 3
6 8.49E-07 3.52E-07 15 24 6.51E-06 7.67E-06 NA
7 1.91E-06 2 25 6.11E-06 1.86E-06 9
8 1.23E-05 NA 26 5.03E-07 2
9 1.59E-06 6 27 7.04E-08 NA
10 9.77E-06 1.34E-05 11 28 5.13E-07 3
11 4.93E-06 3.05E-06 255 29 3.34E-05 5.66E-06 184
12 7.38E-06 NA 30 2.71E-05 3.20E-05 158
13 5.51E-07 7 31 2.22E-07 NA
14 8.07E-07 3.60E-07 4 32 4.42E-06 3.47E-06 25b
15 2,37E-06 NA 33 2,41E-07 1,60E-07 10
16 1.87E-07 30 34 1.32E-05 2
17 3.84E-07 NA 35 3.98E-07 NA
18 1.68E-08 NA 36 2,06E-07 NA
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3. Results
Table 2 shows the (average) probability of infection, P(inf), for each Salmonella serovar resulting from the 
estimated fraction of Salmonella invaded into the Caco-2 cells after passage through the in vitro GIT. Fig. 1
visualizes the variability between serovars (and the various sources of selection) from lowest to highest estimated 
P(inf). A maximum factor of 2 ·103 difference was calculated between the lowest estimated P(inf) for S. Kedougou 
(selected from a chicken product), and the highest estimated P(inf) for S. Typhimurium (average over 3 pork and 3 
human strains) (Table1). Except for S. Virchow, all serovars with at least one human strain have a P(inf) above or 
centred about the median in Fig. 1. Both the broiler and human S. Virchow strain have a low P(inf), whereas the 
P(inf) of the human strain of S. Heidelberg and S. Brandenburg are both clearly larger compared to the ckicken 
product strains of these serovars (individual data not shown). S. Heidelberg was involved in the 2014 outbreak,
Rijckevorsel et al. [13], and the food strain associated with this outbreak showed a P(inf) adjacent to the human 
strain (individual data not shown). The S. Thompson strain showed comparable results, both the human and food 
strain involved in the 2012 outbreak, Friesema et al. [4], have a similar P(inf) and the chicken strain had a clearly
lower P(inf) (individual data not shown). In general, the human strains showed a higher P(inf) compared to strains 
selected from other sources within serovar. Exception is the monophasic S. Typhimurium (S1 1,4,[5],12:i:-), having 
a high P(inf) for all pork and human strains, and S. Typhiumurium with one relatively very low P(inf) for a human 
strain and the highest P(inf) of 1.4 ·10-4 for one of the pork strains (individual data not shown). 
Fig. 1. (Average) probability of infection, P(inf), for different Salmonella serovars (ID in Table 1). Color bars represent different sources, grey: 
control strain, dark green: chicken product, light green: broiler, dark blue: broiler and chicken, light blue: pork, pink: mix of sources with at 
least one human strain
The in vitro GIT results were compared to epidemiological data on the number of laboratory confirmed human 
cases associated with the Salmonella serovars used in this study in 2013. Results are shown in Table 2 and 
visualized in Fig. 2 where the estimated (average) P(inf) is plotted against the categorized number of confirmed 
human cases in 2013. Apart from some outliers (S. Cerro and S. Weltevreden) and overlapping boxplots, there 
appears to be an increasing P(inf) with number of confirmed human cases. The large variability in the right box in 
Fig.2 is due to S. infantis with a low P(inf), the monophasic S. Typhimurium and S. Typhimurium both with a high
average P(inf), in combination with high number of human cases for these three serovars (Table 2).
1,00E-08
1,00E-07
1,00E-06
1,00E-05
1,00E-04
1,00E-03
1,00E-02
1,00E-01
1,00E+00
1
8
 
2
7
 
2
2
 
4
 
2
3
 
1
6
 
3
6
 
3
1
 
3
3
 
2
 
2
1
 
2
0
 
1
7
 
3
5
 
2
8
 
1
3
 
1
4
 
6
 
9
 
7
 
1
5
 
1
 
3
 
3
2
 
1
1
 
2
6
 
1
9
 
2
5
 
2
4
 
5
 
1
2
 
1
0
 
8
 
3
4
 
3
0
 
2
9
 
P(inf)
57 Annemarie Pielaat et al. /  Procedia Food Science  7 ( 2016 )  53 – 58 
Fig. 2. Estimated (average) probability of infection (P(inf) from in vitro GIT investigations for different Salmonella serovars compared to the 
number of laboratory confirmed human cases in The Netherlands in 2013 (Zomer et al. [17])
Many studies report on the presence of known virulence (and antibiotic resistance) genes among strains of 
different Salmonella serovars worlwide. Although most studies report mainly on the most predominant strains, no
clear consistent trend was found when comparing our phenotypic results, P(inf), with genomic analysis from 
literature, e.g. Beutlich et al. [1], Ioannidis et al. [8] and Tomljenovic-Berube et al. [15]. Still, some remarkable 
results were identified. For example, a study in the USA from Cheng et al [2] showed that only a fraction of the S.
Schwarzengrund, S. Montevideo and S. Infantis strains possess respectively only one, two and four of the nine 
investigated virulence genes. The others strains do not possess the tested genes. On the other hand, almost all of the 
investigated S. Enteritidis and S. Typhimurium strains possess seven, respectively eight of the investigated genes. 
This is consistent with the relatively low and high P(inf) in this study for these serovars (Table 2, Fig. 1). Huehn et 
al. [7] studied five predominant Salmonella serovars isolated in Europe, S. Enteritidis and S. Typhimurium with a 
high P(inf) in this study and S. Infantis, S. Virchow and S. Hadar having a relatively low P(inf) in this study. Huehn 
et al. [7] showed that a majority of the of S. Enteritidis and S. Typhimurium strains possess a majority of the tested 
virulence genes, whereas none of the S. Infantis, S. Virchow and S. Hadar strains were positive for the sodC1 and 
spvC gene. In addition, none of the S. Infantis and S. Hadar strains were gipA positive. Yet, Salisbury et al. [14]
indicate that all of the 12 S. Virchow isolates in their study were positive for all of the tested virulence genes. 
Guedda et al. [5] showed that all of their 42 tested S. Livingstone isolates (relatively low P(inf) in this study) lacked 
spvA and spvC genes. Hauser et al. [6] described the pathogenicity gene repertoire of predominant S. Derby types in 
Germany were most similar to S. Paratyphi B and less to S. Infantis and S. Virchow which corresponds to the P(inf) 
for these serovars in this study (Fig. 1). A study of Litrup et al. [9], however, indicated S. Derby strains lacking a 
combination of genes important for virulence.
4. Conclusion
The virulence of in total 70 strains of 35 different Salmonella serovars was assessed in an in vitro gastro-
intestinal tract system. The probability of infection, P(inf), was used as a proxy for virulence and calculated by 
dividing the expected number of cells after invasion into Caco-2 cells by the expected number of cells in the ON-
culture.
In general, the P(inf) for human strains within one serovar was higher than for strains selected from other sources 
(except for S. Typhimurium with high variability among individual strains and monophasic S. Typhimurium, 
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variable but all strains had a relatively high P(inf), individual data not shown). Strains associated with the S. 
Heidelberg and S. Thompson outbreak (both food and human strains) had comparable P(inf) which was, in both 
cases, higher than the strains selected from a chicken product (not related to the outbreak). The P(inf) agreed with
epidemiological data where serovars with a high P(inf) have a high number of laboratory confirmed human cases (S. 
Typhimurium and the monophasic S. Typhimurium both with the highest average P(inf) and number of human 
cases, followed by S. Enteritidis). S. Infantis is an exception with a relatively low P(inf), but still 30 laboratory 
confirmed human cases. Results were compared to molecular virulotyping studies from literature. Although large 
variability exists within and between genotypic data and our phenotypic measure of virulence, some consistencies 
were identified. Next step is to sequence all of the Salmonella strains in this study and compare the genotypes with 
the phenotypic in vitro results in a Genome Wide Association Study (GWAS) in order to reveal genes associated 
with virulence of Salmonella independent of serovar. With that, the hypothesis that the public health risk from 
Salmonella is associated with exposure (prevalence, dose and/or acquired immunity) rather than difference in 
virulence at serovar level can be tested.
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